An educational software which can aid students in the stress analysis of thin wall open sections made of composite material has been developed. The software enables students to easily calculate stresses in different shapes of thin walled open section and evaluate the stresses in each ply under shear and torsion. Results obtained through this software have been validated against ANSYS. The software is intended to be an educational tool for effective teaching and learning process on thin-walled structures, aircraft structures and composite structures courses.
INTRODUCTION
Composite materials are well known to have excellent fatigue resistance, high specific strength and stiffness, good corrosion resistance, excellent fire resistance and lower thermal expansion. In early years of development of composite materials in aerospace application, they were only used for secondary and tertiary structure of the aircraft. However, recently, the airframe and primary structures are also made entirely of composite. Moreover in aerospace industry, most of the aircraft structures are thin-walled in nature and open section beams are used in aircrafts to stiffen the thin skins of the cellular components and provide support for internal loads from floors, engine mountings, etc. Thus the focus of this study is on the stress analysis of composite thin-walled open sections.
Literature on stress analysis of thin walled sections under different type of loadings are numerous. Parambil (2010) presented a closed form solution for ply by ply stress analysis of thin-walled beam with un-symmetrical cross-section I-beam and validated with respect to ANSYS. Nurhuda and Ali (2017) developed an educational software for thinwalled sections of isotropic and composite materials. The software evaluates only the average normal stresses due to bending and average shear stresses due to shear and torsion for I, C, T, and Z cross-section beams. Thus layerwise stress analysis was not carried out in this study. Vishal (2012) extended the research done by Parambil (2010) in stress analysis of laminated composite beam under torsional loads for I-beam. He has done the analysis to calculate shear center, equivalent torsional stiffness, equivalent warping stiffness and equivalent bending stiffness and compared with ANSYS.
Kollar and Pluszik (2012) introduced a new theory called torsional-warping shear deformation theory in order to determine the stiffness of anisotropic beams. The theory also includes the restrained torsional warping from Vlasov's theory and the in-plane shear deformations from Timoshenko theory. Hubert (2013) studied on thin-walled composite column under axial compression. Lachenal et al. (2013) introduced a new feature to I-composite beam by re-designing and adding a morphing twist functionality to the beam. The flanges layup were designed to obtain a highly non-linear torsional stiffness whilst the web are designed for lower stiffness in order to allow large twist deformation. Carpinteri et al. (2014) studied the effect of warping of U-shaped beam under torsion and shear force. Li and Easterbrook (2014) developed a simple way to derive the torsional equations for thin-walled open or closed or combined open and closed sections beam under free torsion using a simple statically indeterminate concept. Sachidananda (2016) in his work presented stress analysis of unsymmetrical layup of composite I-beam. Ply stresses due to axial loads were presented and compared to FEA analysis.
Through the literature survey, it can be concluded that many scholars have derived the closed form solutions for thin-walled laminated structures, where most of them chose the laminated plate, I-beam and box beam as subject of their researches. Very few have carried out the ply stress analysis and have tabulated results which are useful for validation. Furthermore, it was found that software based on closed form solution is not available for ply stress analysis of thin walled sections, which motivated to develop such an educational software.
The present work is the continuation of work done by Ali et al [2015] which focused on I, C and T-open section of thin-walled laminated composite beams under axial loads and bending moments only. In this work it has been extended for the shear and torsional loading. The software has been developed in MATLAB which is able to calculate ply stresses (σx, σy, τxy), and the results were validated against FEA software (ANSYS). In this paper, only I, C and Tbeams which are subjected to torsional loads and shear force is presented. The software is valid for beams which are long, un-tapered and slender with ratio of the cross-sectional dimension to the length is at least 1/10. Meanwhile, the ratio of the laminate thickness to the cross-sectional dimension is at least 1/10. Present software utilizes a beam theory developed by Kollar and Pluszik (2002) which neglects the effect of shear deformation and restrained warping.
METHODOLOGY
A cantilever beam made up of thin-walled laminated open section made of composite material subjected to shear force and torsional moment is considered for analysis. The following laminate theory with general laminate constitutive equations and the theory of laminated beam analysis are from Kollar and Pluzsik (2002) and Datoo (1991) . The lay-up of each wall segment is symmetrical, however every wall segment can have different lay-up configuration.
Determination of Elastic Constants of Laminate
The procedure for computing the stiffness, compliance and equivalent elastic constants, which is similar for any laminate configuration, is as follows:
Firstly, determine the reduced stiffness terms Qij and determine the transformed reduced stiffness terms ̅ using the Qij terms. The stress-strain relationship in the reduced stiffness terms is shown in Eq. (1). Meanwhile, the total of direct and shear strain is shown in Eq. (2).
Determine the laminate stiffness terms Aij, Bij and Dij. Force and moment intensities can be determined as shown in Eq. (3). 
The laminate stiffness terms Aij, Bij and Dij are inverted to obtain the corresponding compliance terms aij, bij and dij. 
2.2 Analysis of Thin-walled Composite Open Sections A thin-walled composite open section is made from an assembly of flat layered laminated composite. A section is defined as thin-walled if its thickness is small compared to the cross-sectional dimension; the ratio of the thickness to the cross-sectional dimension is at least one tenth. In this analysis, a cantilevered beam is considered which is fixed at one end subjected to either shear force or torsional load. The length of the beam is in x-direction, the height of the beam's cross-section is in z-direction and y-direction is the width of the beam's cross-section. Three different crosssections are considered in this analysis which are I, C and T-sections as shown in figure 1 . All laminates considered are symmetric and details of the layup of the laminates are presented in Tables 1 and 2 . 
Where N, my, mz and T are the applied force, moment and torque at the centroid. Under pure torsion, N, my and mz are zero. The expressions of Rŋ,μk, Rk and W are as follows:
Where ŋ is the position along the wall segment.
After obtaining the expressions for Nx, Mx and Mxy, these values can be substituted into equations (4) and (1) . We are interested to find the value of maximum shear stress. Thus, the equation is reduced to:
Average shear stress can be obtained by dividing shear flow by the wall thickness. =
ANSYS Simulation
The I, C, and T cross-section beams are modelled using ANSYS by using Shell 181 layered element. Meshing is done by setting the size of width lines to 0.01, meanwhile the length lines are set to 500 number of division. The spacing ratio is set to a negative value so that the density of the element will be increased at the edges. Prior to application of load, the model is bonded to each other using the Contact Wizard. One edge of the beam is constrained by setting all degree of freedom to zero. A typical ANSYS output window is shown in Figure 2 for the case of torsion of Tbeam.
RESULTS AND DISCUSSIONS
The programming for the stress analysis components discussed in the previous section was carried out in MATLAB. Three different standard thin-walled cross-sections -C, I, and T-sections are considered in the analysis. User will be asked to enter material properties, cross-sectional of the beam, number of layers and their orientation. The software will compute the laminate stiffness properties based on the user input data as shown in Figure 3 . For a given input of torsional moment, the output is the maximum shear stress in each ply. For stress analysis for shear force, user is required to enter any value of shear force and the software will generate the average shear stress. The length of the beam is taken to be 10 inches and all the tabulated results (Tables 3-9 ) are presented at the mid of the beam i.e. at x= 5 in. The y and z coordinates referred in the tables are as shown in Figure 1 , with z=0 is at the mid plane of the laminate of flange for C and I section and it is at the bottom for T section.
Validation of the Results
The individual components of the software were checked to ensure its validity and accuracy by comparing the results with ANSYS. The material used in this analysis is T300/977-2 carbon/epoxy laminate. The elastic properties of the plies for all cross-section are: E1 = 21.75 (10 6 ) psi, E2 = E3=1.595 (10 6 ) psi, G12 = G13 =0.8702 (10 6 ) psi, G23 =0.5366 (10 6 ) psi, 12= 13= 23= 0.25. All plies are 0.005 inch thick. 1 Beam Under Torsion I, C and T-beams which are subjected to torsional moment value of 0.5 lb.in is analysed in this section. If a torsional moment is applied about x-axis, the beam will twist with a constant rate of twist. In ANSYS, one end is fixed and a constant rate of twist is applied at the other end. Typical results for shear stresses in each ply for flange and web of T section is given in Tables 3-4 , whereas the Table 5-6 gives results for shear stresses in each ply for flange and web of C section. It can be found from the tables that the results from the present software agree well with the ANSYS results except for some cases. The error involved is attributed to the modelling error in ANSYS such as in the case of applying torsion, a statically equivalent load was applied in FEA. Tables  7-9 . It can be found from the table that the results from the software agree well with the ANSYS with a reasonable modelling error. As the software for the case of shear loading produces the average shear stress as the output, the layerwise results of shear stresses from ANSYS were averaged to compare with the software thus leading to further error in shear loading case. 4 CONCLUSIONS A software that can perform stress analysis of thin-walled open sections made of composite materials has been developed using MATLAB. The results for shear force and torsion obtained from the software were found to be in good agreement with ANSYS and these tabulated results presented will be useful for validation. This software combined with the earlier software (Ali, et al., 2015) will be able to calculate ply stresses and average stresses due to axial load, bending moment and torsion, average shear stress due to shear force, axial and bending stiffness, torsional stiffness, rate of twist as well as section properties such as centroid and shear centre. Thus this software is expected to be useful as an educational tool for both students and lecturers for effective teaching-learning process.
